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defined strains. To this end, the low-passage strain Merlin 
genome was cloned as a BAC and sequentially repaired 
to match the viral sequence in the original clinical sample 
from which Merlin was derived. Restoration of UL128L to 
wild type was detrimental to growth in fibroblasts, whereas 
restoration of RL13 impaired growth in all cell types tested. 
Stable propagation of phenotypically wild-type virus could 
be achieved only by placing both regions under condi-
tional expression. In addition to the development of these 
tools, the Merlin transcriptome and proteome have been 
characterized in unparalleled detail. Although Merlin may 
be representative of the clinical agent, high-throughput 
whole-genome deep sequencing studies have highlighted 
the remarkable high level of interstrain variation present 
in circulating virus. There is a need to develop systems 
capable of addressing the significance of this diversity, free 
from the confounding effects of genetic changes associated 
with in vitro adaptation. The generation of a set of BAC 
clones, each containing the genome of a different HCMV 
strain repaired to match the sequence in the clinical sam-
ple, would provide a pathway to address the biological and 
clinical effects of natural variation in wild-type HCMV.
Keywords Cytomegalovirus · Natural killer cells · 
Genomics · Proteomics
Introduction
Margaret Smith originally described the propagation in 
vitro of viruses from two neonates who succumbed to 
cytomegalic inclusion disease (CID) in 1954, although 
publication of this work was delayed because of unwar-
ranted concerns about potential contamination with murine 
cytomegalovirus (MCMV) [1, 2]. Thomas Weller isolated 
Abstract In celebrating the 60th anniversary of the first 
isolation of human cytomegalovirus (HCMV), we reflect 
on the merits and limitations of the viral strains currently 
being used to develop urgently needed treatments. HCMV 
research has been dependent for decades on the high-pas-
sage strains AD169 and Towne, heavily exploiting their 
capacity to replicate efficiently in fibroblasts. However, 
the genetic integrity of these strains is so severely com-
promised that great caution needs to be exercised when 
considering their past and future use. It is now evident 
that wild-type HCMV strains are not readily propagated 
in vitro. HCMV mutants are rapidly selected during isola-
tion in fibroblasts, reproducibly affecting gene RL13, the 
UL128 locus (which includes genes UL128, UL130 and 
UL131A) and often the UL/b′ region. As a result, the virus 
becomes less cell associated, altered in tropism and less 
pathogenic. This problem is not restricted to high-passage 
strains, as even low-passage strains can harbour biologi-
cally significant mutations. Cloning and manipulation of 
the HCMV genome as a bacterial artificial chromosome 
(BAC) offers a means of working with stable, genetically 
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the Davis strain fortuitously when culturing a liver biopsy 
with embryonic muscle cells from a patient with suspected 
toxoplasmosis, before growing strains Esp and Kerr from 
patients with CID [3]. The agent, which was eventually 
named human cytomegalovirus (HCMV), was thus already 
connected with CID. Wallace Rowe also independently 
isolated HCMV while propagating adenoid tissue in vitro, 
with three cultures undergoing spontaneous degeneration 
due to an infection that exhibited characteristic intranu-
clear inclusion bodies. This virus, designated Ad. 169, grew 
though cultures of adenoid tissue taken from a 7-year-old 
girl. Rowe provided serological evidence that strains Ad. 
169, Smith and Davis were closely related and showed that 
seroprevalence to HCMV increased gradually with age to 
>80 % of the population [4]. Thus, these pioneering studies 
not only established the tools necessary to study this patho-
gen, but also demonstrated that HCMV was widespread in 
the community and associated with CID.
Rowe’s prototype virus, subsequently referred to as 
strain AD169, was taken up by laboratories worldwide and 
became a workhorse of HCMV research. Twenty-six years 
later, sub-genomic DNA clones encompassing the complete 
AD169 genome were utilized to generate restriction endo-
nuclease cleavage maps, and these in turn powered pioneer-
ing investigations into HCMV transcriptional regulation, 
gene expression and sequence analysis [5–9]. Progress in 
molecular virology was spurred on by competition between 
groups using strains AD169 and Towne; Towne was ini-
tially developed as an attenuated vaccine by passaging 125 
times in vitro [10].
HCMV research was transformed by access to the com-
plete sequence of strain AD169, which at the time was the 
longest contiguous segment of sequenced DNA [11]. Com-
parative analyses showed that HCMV contains a subset of 
core genes that have homologues in all herpesviruses and 
that a large proportion of the viral genome was derived 
from extensive duplication of homologous gene families 
that are generally restricted to human and simian CMVs. 
Only 26 % of HCMV canonical genes (45/171) are essen-
tial for viral replication in vitro [12, 13]. We are particu-
larly interested in the contribution made by the other 74 % 
in promoting virulence in vivo.
Genetic changes to laboratory strains
Characterization of the HCMV genome brought much 
greater resolution to studies of gene usage and function. 
However, a key study revealed that AD169 and Towne had 
each suffered substantial deletions (15 and 13 kb, respec-
tively) of a sequence at the right end of the long unique 
region (UL) that is designated UL/b′, combined with a com-
pensating expansion of the long terminal repeat, TRL/IRL 
[14]. The genetic integrity of AD169 was subsequently 
subjected to a systemic evaluation that compared three var-
iants: one sequenced in Cambridge (varUK; sourced from 
St George’s Hospital, London), a second distributed by the 
American Type Culture Collection (varATCC) and a third 
obtained from the University of Chicago (varUC) that 
has a less extensive deletion of the UL/b′ region than the 
other two variants (Fig. 1). The analysis clearly revealed 
that issues with all three variants extend beyond the loss 
of all or part of the UL/b′ region, as numerous genetic 
changes had accumulated during extensive passage of this 
strain since its initial isolation. Moreover, the variants had 
clearly diverged during their passage in various laborato-
ries (Fig. 1). A comparable situation also exists with Towne 
[15].
Our misgivings concerning the validity of using AD169 
and Towne as model strains to investigate HCMV patho-
genesis reached a tipping point with the publication of a 
study on the UL36 gene. In a German variant of AD169 
(varDE), UL36 was shown to be an efficient inhibitor of 
caspase 8, yet a single amino acid substitution (C131A) 
in varATCC and varUK ablates this function [16]. Thus, a 
point mutation had been selected in vitro that completely 
abrogates a viral function that is counter to a key immune 
defence (apoptosis), but the loss of gene function was not 
obvious from the UL36 sequence. The clear concern was 
that any HCMV gene in any cultured viral stock could be 
mutated, and this fact could go unrecognized.
Rapid selection of mutations in low‑passage 
strains
A prospective study undertaken by Dargan and co-work-
ers revealed that clinical viruses change in a reproducible 
manner when cultured in vitro. Fibroblasts, epithelial and 
endothelial cells were infected in parallel with three low-
passage HCMV strains (passage 4–5), and the infected 
cell cultures were then passaged weekly 50–63 times, 
before sequencing the complete genome of each passaged 
strain and comparing it with the original clinical sample at 
selected loci [17]. Changes were observed in all viruses. 
Mutations were selected first in gene RL13 (passage 8–16), 
then in either gene UL128, UL130 or UL131A (the UL128 
locus, UL128L) (passage 15–20), and, in some cases, even-
tually in UL/b′, focusing on the gene UL140–UL145 region 
(passage 32–63) [17]. Sporadic mutations also occurred in 
other regions. Although HCMV mutants were selected in 
all cell lines tested, defects in UL128L were specifically 
associated with fibroblast culture, a phenomenon noted pre-
viously in other passaged strains [18, 19]. Nevertheless, the 
overall picture was clear. All HCMV isolates cultured from 
clinical samples were “genetically unstable in all cell types 
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tested”. The outgrowth of mutants appears to be inevitable 
and rapid [17].
Requirement to define wild‑type HCMV gene 
usage
Cytotoxic T cells recognize viral peptides presented on the 
cell surface by endogenous MHC-I molecules. The proteins 
encoded by HCMV genes US2, US3, US6 and US11 act in 
concert to prevent newly synthesized MHC-I reaching the 
cell surface, thereby protecting virus-infected cells from 
cytotoxic T cells [20]. However, endogenous MHC-I mol-
ecules also serve as the chief ligands for NK cell inhibi-
tory receptors. Downregulation of MHC-I from the surface 
thus renders HCMV-infected cells more vulnerable to NK 
cell attack [21].  NK cells play a critical role in controlling 
herpesvirus infections, and individuals with defects in their 
NK cell response are particularly vulnerable to HCMV dis-
ease [22]. NK cells constitute a heterogenous population 
that differentially express a diverse range of activating and 
inhibitory receptors and are capable of detecting and kill-
ing virus-infected targets [23]. Even though MHC-I is effi-
ciently downregulated by HCMV, cells infected with a low-
passage strain (e.g. Toledo) exhibit remarkable resistance 
to NK cells (Fig. 2). Although cells infected with strains 
AD169 or Towne are vulnerable to NK cell attack [24–26], 
the Towne strain became substantially more resistant fol-
lowing repair of the UL/b′ region (Fig. 2). Thus, AD169 and 
Towne have clearly lost NK cell evasion functions in this 
region [27].
We were interested in the complex interaction between 
HCMV and the host immune response, particularly in char-
acterizing the multiple mechanisms by which the virus sys-
tematically evades NK cell recognition. To this end, we set 
out to establish a system to screen the entire genetic content 
of HCMV in functional assays by expressing all canonical 
HCMV protein-coding genes using a bespoke, high-effi-
ciency adenovirus (Ad) vector [28]. This objective required 
a reliable source of wild-type HCMV genes. As explained 
Fig. 1  Evolution of genetic 
changes that have accumu-
lated in the most commonly 
used variants of strain AD169 
(varUK and varATCC) and 
a variant obtained from the 
University of Chicago (varUC) 
that retains a part of the UL/b′ 
region. Adapted from figure 
originally published in the J. 
Gen. Virol. [15], reusing the 
author’s own content Replacement of UL/b’ by inverted duplica	on 
of sequence from the le end of the genome 
3.2 kbp dele	on in UL/b’
3.7 kbp dele	on in c’/US
(subpopula	on)
Muta	ons in RL5A RL13 UL36 UL131A
GenBank BK000394
Mutated: RL5A RL13 UL36 UL131A
Deleted: UL148 UL147A UL147 UL146 
UL145 UL144 UL142 UL141 UL140 
UL139 UL138 UL136 UL135 UL133 
UL148A UL148B UL148C UL148D UL150
Deleted in some stocks: UL42 UL43
Other mutaons: ≥4
GenBank FJ527563
Mutated: RL5A RL13 UL36 UL131A
Deleted: UL144 UL142 UL141 UL140
Deleted in the majority populaon: 
IRS1 US1 US2
Other mutaons: ≥12
GenBank AC146999
Mutated: RL1 RL5A RL13 UL36 UL131A
Deleted: UL148 UL147A UL147 UL146 
UL145 UL144 UL142 UL141 UL140 
UL139 UL138 UL136 UL135 UL133 
UL148A UL148B UL148C UL148D UL150
Other mutaons: ≥31
Subs	tu	on in RL1 to result in 
a termina	on codon
929 bp dele	on 
of UL42 UL43 
(subpopula	on)
ADENOID TISSUE
NIH 76559
varUC varATCCvarUK
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above, the genomes of isolated strains degenerate with pas-
sage. This issue was less acute with low-passage strains 
(e.g. Toledo), yet even limited growth in vitro results in 
altered tropism and the rapid selection of virus that is less 
cell associated. In order to be able to trust the sequence of a 
gene within a passaged strain, it was important to compare 
its sequence with that of the clinical sample from which it 
was derived. In the absence of any reliable source of HCMV 
genes amongst the available laboratory or passaged strains, 
we were obliged to go back to source—a clinical sample.
Development of strain Merlin
Five neonatal urine samples diagnosed positive for HCMV 
by PCR were kindly provided by Public Heath Laborato-
ries (PHLS/NPHS), Cardiff. The viruses were amplified in 
fibroblast cell culture to generate sufficient DNA for shot-
gun cloning into an M13 vector and Sanger sequencing. 
Strain Merlin (clinical sample 742) was prioritized on the 
basis of its efficient recovery from frozen (−70 °C) stocks 
and genomic integrity in preliminary sequencing analyses. 
Each passage of Merlin involved the serial infection of an 
uninfected fibroblast monolayer with cell-free supernatant. 
The complete genome sequence of Merlin was determined 
from virus at passage 3, and the gene content was annotated 
[29, 30]. At the time, this was the first complete HCMV 
genome sequence to be determined, and this resulted in 
Merlin being designated as both the NCBI RefSeq standard 
[31] and the first World Health Organization (WHO) Inter-
national Standard for HCMV [32].
At least one genetic change was already evident in the 
Merlin genome sequence by passage 3, and further deterio-
ration would be inevitable with further culture. A solution 
to this problem was provided by bacterial artificial chromo-
some (BAC) cloning [33, 34]. BACs are low copy number 
plasmids compatible with the cloning, maintenance and 
manipulation of large DNA fragments in Escherichia coli. 
Not only can the HCMV genome be maintained in E. coli 
without accruing further mutations, but the technology also 
provides a robust source of clonal, genetically defined virus 
and greatly facilitates manipulation of the viral genome. 
Multiple HCMV strains had previously been BAC cloned, 
including the high-passage strains AD169 [33, 35] and 
Towne [36–38], as well as the low-passage strains Toledo, 
PH, TR [39], FIX [40] and TB40/E [41]. However, none 
of these constructs was suited to our purpose. Except for 
one BAC based on AD169 [35], all constructs incorporated 
the vector cassette as a stably integrated element within 
the US region, where it replaced genes US2, US3, US6 and 
(in some cases) US11. Consequently, viruses derived from 
these BACs do not regulate MHC-I or MHC-II in the same 
manner as clinical virus, and this has profound effects on 
NK and T cell assays. Moreover, since the original clini-
cal material appeared not to be available for any of these 
BACs, the extent to which any of them accurately repre-
sented clinical virus could not be determined. We and oth-
ers have since shown that these clones contain both obvious 
and subtle mutations that were probably acquired in vitro 
prior to BAC cloning and that these changes impact viral 
tropism [42] and interactions with NK cells [43].
To secure a reliable, definitive source of wild-type 
HCMV genes, the complete genome of Merlin, from DNA 
harvested at passage 5, was inserted into a BAC plasmid 
[44]. To make it possible to derive virus containing the 
complete genome from the BAC, the vector cassette was 
designed to be self-excising using Cre/LoxP recombina-
tion, as had been done previously for pseudorabies virus 
[45] and HCMV [35, 46]. As a result, virus derived from 
the BAC by transfection does not contain the vector cas-
sette and differs from the parental genome at this locus 
merely by the presence of a 34-bp LoxP site following gene 
US28.
This BAC provided a reproducible source of clonal virus 
and enabled seamless manipulation of the viral genome by 
using DNA recombineering [44]. Sequencing of the pro-
totype Merlin BAC clone identified a nucleotide substitu-
tion in UL128 that was known to have been selected during 
the first passage of Merlin in vitro [18, 29]. Sequencing of 
multiple clones further showed that all were also mutated 
in RL13, but that not all mutations were the same. The viral 
population prior to BAC cloning must therefore have con-
tained a single mutation in UL128 and a variety of muta-
tions in RL13. The original BAC was therefore repaired to 
Fig. 2  Low-passage strain Toledo provides more effective protec-
tion against NK cells than either of the laboratory strains AD169 or 
Towne. An NK cytolysis assay performed in which an NK cell line 
(NKL) was incubated with human foetal foreskin fibroblasts infected 
for 72 h with the HCMV strain indicated. HCMV T/T11 1.1 is a 
version of Towne into which the UL/b′ region from Toledo has been 
inserted. The proportion of target cells lysed by the NK cell line was 
measured by the release of radioactive chromium (51Cr). Adapted 
from a figure originally published in Nature Immunology [27], reus-
ing the author’s own content
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match the presumed sequence in the clinical sample, except 
for three non-protein-coding differences in the b/b’ region. 
We have since sequenced Merlin directly from the clinical 
sample (which, crucially, had been retained) and found that, 
apart from these minor variations in the b/b’ region and the 
inserted LoxP site, the repaired Merlin BAC matches the 
clinical virus (unpublished data).
Virus generated from Merlin BAC constructs in which 
either UL128 or RL13 had been repaired exhibited a mark-
edly reduced capacity to replicate in fibroblasts as overtly 
manifested by a reduced plaque size (Fig. 3). Repair of both 
genes had an even more profound effect on viral growth, 
implying the two genes impair viral replication by distinct 
mechanisms. Independent mutations in RL13 and UL128L 
were rapidly selected in a manner similar to that observed 
when passaging clinical isolates [17, 44]. RL13 encodes 
a virion glycoprotein, but its role in virus replication  is 
currently unclear [44]. Along with gH/gL, the UL128L 
proteins form a pentameric virion envelope glycoprotein 
complex that promotes infection of endothelial, epithelial 
and myeloid cells [19, 47–51], yet impedes efficient rep-
lication in fibroblasts [17, 44]. However, in vitro propaga-
tion of viral stocks with a wild-type gene complement was 
achieved by using selective repression to inhibit expression 
of both RL13 and UL131A [44].
The Merlin BAC contains a complete HCMV genome 
that is thought accurately to represent the original clini-
cal agent from which it was derived. It is also a reproduc-
ible source of clonal virus (via transfection), is capable of 
reconstituting phenotypically wild-type virus, and is suit-
able for rapid manipulation of the viral genome by recom-
bineering technology [44]. Consistent with our primary 
Fig. 3  Impact of RL13 and 
UL128L on HCMV replication. 
Fibroblasts were transfected 
with Merlin BAC constructs in 
which either (or both) RL13 and 
UL128 were mutated. a Plaques 
in fibroblast monolayers were 
readily visualized at 3 weeks 
post-transfection using an eGFP 
reporter function. b Areas of 
individual plaques measured at 
3 weeks post-transfection. Cells 
were grown under an overlay to 
prevent cell-free spread of virus. 
Adapted from figures originally 
published in Journal of Clini-
cal Investigation [44], reusing 
the author’s own content with 
permission
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objective, all canonical genes have now been sub-cloned 
into an adenovirus vector for use in functional screen-
ing (unpublished data). This knock-in approach has been 
complemented by a knock-out system, in which a series of 
HCMV recombinants has been generated, each deleted in 
a specific block of genes [52]. The two strategies combine 
well and have already enabled the identification of three 
novel immune evasion genes in HCMV [52, 53].
Systems biology and HCMV
Confidence in the genomic integrity of Merlin has under-
pinned the application of high-throughput technologies to 
study the virus and virus-infected cells. Next-generation 
sequencing has been used to compare passaged derivatives 
with virus in clinical samples and routinely to assess the 
genetic integrity of Merlin BAC constructs and their viral 
progeny. RNA-Seq, combined with conventional RNA 
mapping studies, has revealed that long non-coding RNAs 
(lncRNAs) make up >65 % of polyadenylated HCMV 
RNA produced in fibroblasts and that the levels of splic-
ing and expression of antisense RNAs are far more exten-
sive than suspected previously [54]. Annotation of the 
HCMV genome currently identifies 170 canonical protein-
coding genes plus four lncRNAs. A high-definition analy-
sis of the HCMV transcriptome aided by ribosome profil-
ing predicted 751 translated open reading frames (ORFs); 
albeit 245 are <20 codons in size and a substantial num-
ber commence with non-conventional initiation codons or 
are internal to, or overlap, the canonical ORFs [55]. The 
expression of a subset of these putative novel proteins has 
been detected by mass spectrometry and epitope tagging. 
Moreover, preliminary studies have detected CD4+ and 
CD8+ T cell responses to proposed novel, small proteins 
encoded by an exceptionally high abundance lncRNA (β2.7 
or RNA2.7), providing further evidence for the existence 
of these proteins during natural infection [56, 57]. The full 
extent to which non-canonical ORFs impact the biology of 
HCMV has yet to be determined.
In addition to engaging in transcriptome analysis, we 
have developed quantitative temporal viromics (QTV) as a 
proteomics-based approach for following productive infec-
tion of fibroblasts with Merlin [58, 59]. The opportunity 
was also taken to analyse the effects of disabled (irradiated) 
input virions, as well as those of an inhibitor of viral DNA 
replication. QTV compared the expression of >8000 pro-
teins in the whole cell and 1184 proteins at the cell surface, 
in order to provide the most detailed analysis to date of a 
virus-infected cell. QTV also tracked the expression of 139 
canonical and 14 non-canonical HCMV proteins through 
the course of infection. This resource has already pro-
vided insights into the manipulation of signalling pathways 
and immune defences [58]. Furthermore, it provided an 
opportunity to examine the temporal cascade of viral gene 
expression. The division of herpesvirus gene regulation 
into immediate-early, early and late phases based on the 
application of metabolic inhibitors is convenient, yet artifi-
cial. An unbiased, computer-based analysis of HCMV pro-
tein expression by QTV indicates that the cascade of gene 
expression can be most effectively divided into five tempo-
ral classes (Tp1–5), to which most HCMV canonical genes 
have been assigned (Fig. 4). Cutting-edge technologies 
are thus bringing extreme definition to our understanding 
of how this most complex of human viruses regulates both 
host and viral gene expression.
HCMV strain usage and terminology
As described above, clinical HCMV strains must acquire 
specific mutations in order to replicate efficiently in vitro. 
Weller observed that the “serial propagation of the cyto-
megaloviruses characteristically results in the production of 
cell-free virus in higher titre” [60]. Indeed, human vaccine 
trials using Towne and AD169 indicated that these strains 
are attenuated extensively and are eliminated rapidly in vivo 
[61–63]. Waldman and colleagues characterized the loss of 
both endothelial cell tropism and cell association during cul-
ture in vitro [64, 65]. These phenotypic changes were shown 
to be due to genetic alterations occurring in vitro [66] and 
were ultimately found to be due, at least in part, to the acqui-
sition of mutations in RL13 and UL128L [17, 19, 44, 47–
50, 67, 68]. Thus, as the virus is cultured in vitro, the virion 
envelope loses the RL13, UL128, UL130 and UL131A 
proteins, and, eventually, other components. These changes 
impact dramatically not only the growth properties and tro-
pism of the virus, but also its sensitivity to neutralizing anti-
bodies, since the UL128L proteins are a major target of neu-
tralizing antibodies in vivo [69–75]. Indeed, HCMV vaccine 
studies are now strongly focused on the UL128L proteins 
[69, 76–82]. A clear lesson from these developments is the 
need to ensure that the HCMV strain under study is clini-
cally relevant. On the 60th anniversary of the first isolation 
of HCMV, it is appropriate to reassess the nature of the viral 
strains that are currently being used to study HCMV tropism 
and pathogenesis and to develop urgently needed antiviral 
and immunotherapeutic treatments.
What are the most appropriate terms for the viruses 
with which we are working? The term laboratory strain is 
normally reserved for AD169 and Towne. Although these 
strains have had a major impact on HCMV research, their 
genomic integrity has suffered so dramatically through 
extensive passage in vitro that they should not be consid-
ered as adequate representatives of the causative agent 
of clinical disease. Great caution needs to be taken in 
279Med Microbiol Immunol (2015) 204:273–284 
1 3
interpreting the findings made using them, particularly in 
studies of tropism and pathogenesis. As a result of these 
considerations, we elected not to use laboratory strains to 
screen for NK cell modulatory functions but to develop 
Merlin as a source of wild-type HCMV genes. Although 
a subset of NK modulators (UL16, UL18 and UL40) were 
identified by using AD169, at least three additional exam-
ples (UL135, UL141 and UL142) are known to have been 
deleted from both laboratory strains (reviewed in [21, 
83]). Moreover, mutations that potentially impact NK 
cell recognition have been detected in UL40 in strains 
Towne, TB40/E and U8, and in UL141 in AD169, Towne, 
TB40/E and VR1814 [15, 17, 29, 43] (Table 1). It is not 
clear whether the functional defect in the HLA-E binding 
peptide encoded by UL40 in TB40/E is a natural variant or 
whether it was acquired in vitro [43]. What is clear is that 
defects in immune evasion functions tend to accumulate 
with increased passage number.
Perspective
HCMV isolates other than laboratory strains tend to be 
designated clinical or low-passage strains by default. The 
term clinical is uninformative, as all HCMV strains were 
derived originally from clinical material. Low passage is 
potentially a more useful term, yet it is elastic and fre-
quently used to refer to viruses that have been passaged 
quite extensively in diverse cell types. Furthermore, even 
if a virus was low passage originally, it will become high 
passage as it is grown and will inevitably adapt further. 
Ambiguities arising from findings made by using unde-
fined reagents are clearly unhelpful, and there is merit in 
using a more precise terminology to describe and define 
particular strains. We suggest that it may be prudent to 
reserve the term clinical strain in publications for a virus 
that has not been passaged in vitro (i.e. the virus in the 
clinical sample), and to support the use of low-passage 
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Fig. 4  Temporal classification of HCMV gene expression. QTV was 
used to track the expression of 139 canonical and 14 non-canonical 
genes through productive infection of fibroblasts by HCMV strain 
Merlin. Distinct profiles emerged when gene expression was sepa-
rated into as few as five temporal classes (Tp1–5). Adapted from a 
figure originally published in Cell [58], reusing authors own content
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strain by details of provenance, passage number, nature 
of passage (via infected cells or cell-free virus) and cell 
type used for passage. However, what matters most is the 
genetic state of the virus, and this is much more evident 
from sequence analysis than it is from passage history. 
Even then, the sequence of any passaged strain needs to 
be compared with that in the clinical sample, in order to 
identify mutations that have been selected during in vitro 
adaptation.
Research into a virus should involve the use of a strain 
that represents the clinical agent as closely as possible. 
In this context, HCMV research is in a cleft stick. On 
the one hand, although low-passage HCMV strains may 
transiently be wild type, they are highly cell associated 
and therefore cannot readily be used in functional assays 
[17]. On the other hand, passaged virus is less cell associ-
ated and is therefore more tractable, but is not likely to be 
wild type. A degree of compromise is necessary in order 
to make experimentation possible. The use of passaged 
strains (that are known to be compromised) will continue 
to be necessary for certain applications. However, the lim-
itations of such studies should be recognized. For exam-
ple, the high titre and broad tropism of strain TB40/E 
(and viruses derived from its BAC clone, TB40-BAC4) 
are invaluable when conducting studies requiring effi-
cient infection of myeloid, endothelial or epithelial cells. 
However, the exceptional  properties of this strain  [41, 
42] should caution against viewing findings  as necessar-
ily being true of HCMV generally. Crucially, a capacity 
to reference the clinical sample would remove uncertainty 
about the integrity of passaged HCMV strains in relation 
to the original virus from which they were derived. More 
generally, the efficient propagation of viral stocks appears 
to require only that expression of RL13 and UL128L be 
ablated or suppressed (e.g. by subtle mutation [42] or 
overt repression [44]). In these circumstances, RL13 and 
UL128L expression is suppressed specifically to alter the 
biological properties of the virus, and thus is no longer 
wild type. Nevertheless, this compromise does allow 
researcher to migrate towards adopting a genetically reli-
able HCMV strain.
When the genome sequences of HCMV strains are com-
pared, a remarkably high level of variation is evident. This 
is uneven across the genome [29] and is at its most extreme 
in a group of hypervariable genes (e.g. RL12, RL13, 
UL74, UL146 and UL139) in which different genotypes 
can exhibit as little as 38 % amino acid sequence identity 
[84–90]. Some unpassaged viruses have also been shown 
to carry mutations likely to result in the loss of certain gene 
functions (e.g. RL5A, RL6, UL1, UL9 and UL111A) [91, 
92]. Identical mutations have been observed in geographi-
cally distinct strains, implying that strains mutated in cer-
tain canonical genes are circulating in the population. Fur-
thermore, deep sequencing has suggested that the virus 
may evolve in vivo on much shorter timescales than previ-
ously appreciated [93, 94]. If this is true, at least a propor-
tion of this heterogeneity can be expected to impact viral 
gene function and pathogenesis.
These observations probably reflect the complex rela-
tionship that the virus has with the host immune system, 
heterogeneity in the virus being required to enable it to 
cope with heterogeneity in the host [95, 96]. They also 
imply that use of one or a small number of viral strains in 
HCMV research, even if the reagents are well designed 
and carefully monitored, is unlikely to provide an adequate 
view of the biology of HCMV. High-throughput technolo-
gies (genomics, transcriptomics and proteomics) that have 
rapidly and comprehensively informed on infection with 
strain Merlin could readily be applied to studies of HCMV 
strain variation. Although Merlin has several features that 
commend it as a strain for general use in research, there 
is also a need to recognize the natural diversity of HCMV. 
To enable such studies, there would be clear merit in con-
structing a substantial set of BAC clones that each contains 
a complete viral genome matched to the sequence in the 
clinical sample.
Table 1  HCMV NK evasion 
functions
Gene Target Conserved
UL18 HLA-1 homologue, binds LIR1 Yes (variable)
UL40 Upregulates HLA-E and gpUL18 Mutation in TB40E, Towne, U8
UL16 MICB, ULBP1, ULBP2 Yes
UL83 Binds NKp30 Yes
miR112 miRNA against MICB Yes
UL135 Inhibits synapse formation Deletions in AD169, Towne
UL141 PVR, Nectin 2 TRAIL-R Deletions in AD169, Towne, TB40E VR1814, some low-
passage strains
UL142 MICA Deletion in AD169, Towne, some low-passage strains
US18 MICA Yes
US20 MICA Yes
281Med Microbiol Immunol (2015) 204:273–284 
1 3
Acknowledgments This work was supported by a Wellcome Trust 
programme grant (G1000236, WT090323MA) to G.W.G.W., P.T. 
and E.C.Y.W.; an MRC project grant to G.W.G.W., P.T., E.C.Y.W 
and RJS; an MRC new investigator award (MR/L008734/1) to R.S.; 
a Wellcome Trust fellowship (093966/Z/10/Z) to M.P.W.; a Wellcome 
Trust principal research fellowship (101835/Z/13/Z) to P.J.L. and an 
MRC programme grant (MC_UU_12014/3) to A.J.D.
Conflict of interest The authors have no conflict of interest related 
to this review.
Ethical standard The review does not contain new data from stud-
ies involving human participants or research animals.
Open Access This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons license, and indicate if changes were 
made.
References
 1. Weller TH (2004) Cytomegaloviruses. In: Komaroff AL (ed) 
Growing pathogens in tissue cultures: fifty years in academic 
tropical medicine, pediatrics, and virology. Boston Medical 
Library, Boston, pp 125–137
 2. Smith MG (1956) Propagation in tissue cultures of a cytopatho-
genic virus from human salivary gland virus (SGV) disease. Proc 
Soc Exp Biol Med Soc Exp Biol Med 92(2):424–430
 3. Craig JM, Macauley JC, Weller TH, Wirth P (1957) Isolation of 
intranuclear inclusion producing agents from infants with ill-
nesses resembling cytomegalic inclusion disease. Proc Soc Exp 
Biol Med Soc Exp Biol Med 94(1):4–12
 4. Rowe WP, Hartley JW, Waterman S, Turner HC, Huebner RJ 
(1956) Cytopathogenic agent resembling human salivary gland 
virus recovered from tissue cultures of human adenoids. Proc 
Soc Exp Biol Med Soc Exp Biol Med 92(2):418–424
 5. Oram JD, Downing RG, Akrigg A, Dollery AA, Duggleby CJ, 
Wilkinson GW, Greenaway PJ (1982) Use of recombinant plas-
mids to investigate the structure of the human cytomegalovirus 
genome. J Gen Virol 59(Pt 1):111–129
 6. Spector DH, Hock L, Tamashiro JC (1982) Cleavage maps for 
human cytomegalovirus DNA strain AD169 for restriction endo-
nucleases EcoRI, BglII, and HindIII. J Virol 42(2):558–582
 7. Wilkinson GW, Akrigg A, Greenaway PJ (1984) Transcription 
of the immediate early genes of human cytomegalovirus strain 
AD169. Virus Res 1(2):101–106
 8. McDonough SH, Spector DH (1983) Transcription in human 
fibroblasts permissively infected by human cytomegalovirus 
strain AD169. Virology 125(1):31–46
 9. Fleckenstein B, Muller I, Collins J (1982) Cloning of the 
complete human cytomegalovirus genome in cosmids. Gene 
18(1):39–46
 10. Plotkin SA, Furukawa T, Zygraich N, Huygelen C (1975) Can-
didate cytomegalovirus strain for human vaccination. Infect 
Immun 12(3):521–527
 11. Chee MS, Bankier AT, Beck S, Bohni R, Brown CM, Cerny R, 
Horsnell T, Hutchison CA 3rd, Kouzarides T, Martignetti JA et al 
(1990) Analysis of the protein-coding content of the sequence 
of human cytomegalovirus strain AD169. Curr Top Microbiol 
Immunol 154:125–169
 12. Dunn W, Chou C, Li H, Hai R, Patterson D, Stolc V, Zhu H, 
Liu F (2003) Functional profiling of a human cytomegalovirus 
genome. Proc Natl Acad Sci USA 100(24):14223–14228
 13. Yu D, Silva MC, Shenk T (2003) Functional map of human cyto-
megalovirus AD169 defined by global mutational analysis. Proc 
Natl Acad Sci USA 100(21):12396–12401
 14. Cha TA, Tom E, Kemble GW, Duke GM, Mocarski ES, Spaete 
RR (1996) Human cytomegalovirus clinical isolates carry at least 
19 genes not found in laboratory strains. J Virol 70(1):78–83
 15. Bradley AJ, Lurain NS, Ghazal P, Trivedi U, Cunningham C, 
Baluchova K, Gatherer D, Wilkinson GW, Dargan DJ, Davison 
AJ (2009) High-throughput sequence analysis of variants of 
human cytomegalovirus strains Towne and AD169. J Gen Virol 
90(Pt 10):2375–2380
 16. Skaletskaya A, Bartle LM, Chittenden T, McCormick AL, 
Mocarski ES, Goldmacher VS (2001) A cytomegalovirus-
encoded inhibitor of apoptosis that suppresses caspase-8 activa-
tion. Proc Natl Acad Sci USA 98(14):7829–7834
 17. Dargan DJ, Douglas E, Cunningham C, Jamieson F, Stanton RJ, 
Baluchova K, McSharry BP, Tomasec P, Emery VC, Percivalle E, 
Sarasini A, Gerna G, Wilkinson GW, Davison AJ (2010) Sequen-
tial mutations associated with adaptation of human cytomegalo-
virus to growth in cell culture. J Gen Virol 91(Pt 6):1535–1546
 18. Akter P, Cunningham C, McSharry BP, Dolan A, Addison C, 
Dargan DJ, Hassan-Walker AF, Emery VC, Griffiths PD, Wilkin-
son GW, Davison AJ (2003) Two novel spliced genes in human 
cytomegalovirus. J Gen Virol 84(Pt 5):1117–1122
 19. Hahn G, Revello MG, Patrone M, Percivalle E, Campanini G, 
Sarasini A, Wagner M, Gallina A, Milanesi G, Koszinowski U, 
Baldanti F, Gerna G (2004) Human cytomegalovirus UL131-128 
genes are indispensable for virus growth in endothelial cells and 
virus transfer to leukocytes. J Virol 78(18):10023–10033
 20. Jackson SE, Mason GM, Wills MR (2011) Human cytomegalo-
virus immunity and immune evasion. Virus Res 157(2):151–160
 21. Wilkinson GWG, Aicheler RJ, Wang ECY (2013) Natural killers 
cells and human cytomegalovirus. In: Reddehasse M (ed) Cyto-
megaloviruses: From molecular pathogenesis to intervention. vol 
2. Caister Academic Press, Wymondham, Norfolk, pp 172–190
 22. Orange JS (2013) Natural killer cell deficiency. J Allergy Clin 
Immunol 132(3):515–525
 23. Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S (2008) 
Functions of natural killer cells. Nat Immunol 9(5):503–510
 24. Cerboni C, Mousavi-Jazi M, Linde A, Soderstrom K, Brytting 
M, Wahren B, Karre K, Carbone E (2000) Human cytomegalovi-
rus strain-dependent changes in NK cell recognition of infected 
fibroblasts. J Immunol 164(9):4775–4782
 25. Tomasec P, Braud VM, Rickards C, Powell MB, McSharry 
BP, Gadola S, Cerundolo V, Borysiewicz LK, McMichael AJ, 
Wilkinson GW (2000) Surface expression of HLA-E, an inhibi-
tor of natural killer cells, enhanced by human cytomegalovirus 
gpUL40. Science 287(5455):1031–1033
 26. Wang EC, McSharry B, Retiere C, Tomasec P, Williams S, 
Borysiewicz LK, Braud VM, Wilkinson GW (2002) UL40-medi-
ated NK evasion during productive infection with human cyto-
megalovirus. Proc Natl Acad Sci USA 99(11):7570–7575
 27. Tomasec P, Wang EC, Davison AJ, Vojtesek B, Armstrong M, 
Griffin C, McSharry BP, Morris RJ, Llewellyn-Lacey S, Rick-
ards C, Nomoto A, Sinzger C, Wilkinson GW (2005) Downregu-
lation of natural killer cell-activating ligand CD155 by human 
cytomegalovirus UL141. Nat Immunol 6(2):181–188
 28. Stanton RJ, McSharry BP, Armstrong M, Tomasec P, Wilkin-
son GW (2008) Re-engineering adenovirus vector systems to 
enable high-throughput analyses of gene function. Biotechniques 
45(6):659–662 (664–658)
 29. Dolan A, Cunningham C, Hector RD, Hassan-Walker AF, Lee L, 
Addison C, Dargan DJ, McGeoch DJ, Gatherer D, Emery VC, 
282 Med Microbiol Immunol (2015) 204:273–284
1 3
Griffiths PD, Sinzger C, McSharry BP, Wilkinson GW, Davison 
AJ (2004) Genetic content of wild-type human cytomegalovirus. 
J Gen Virol 85(Pt 5):1301–1312
 30. Davison AJ, Dolan A, Akter P, Addison C, Dargan DJ, Alcendor 
DJ, McGeoch DJ, Hayward GS (2003) The human cytomegalo-
virus genome revisited: comparison with the chimpanzee cyto-
megalovirus genome. J Gen Virol 84(Pt 1):17–28
 31. http://www.ncbi.nlm.nih.gov/genome/genomes/4757?
 32. Fryer J, Heath AB, Anderson R, Minor PD, The Collabo-
rative Study Group (2010) Collaborative study to evalu-
ate the proposed 1st [first] WHO international standard for 
human cytomegalovirus (HCMV) for nucleic acid ampli-
fication (NAT)-based assays. http://www.who.int/iris/
handle/10665/70521-sthash.3WVmZT8f.dpuf
 33. Borst EM, Hahn G, Koszinowski UH, Messerle M (1999) Clon-
ing of the human cytomegalovirus (HCMV) genome as an 
infectious bacterial artificial chromosome in Escherichia coli: 
a new approach for construction of HCMV mutants. J Virol 
73(10):8320–8329
 34. Messerle M, Crnkovic I, Hammerschmidt W, Ziegler H, 
Koszinowski UH (1997) Cloning and mutagenesis of a herpes-
virus genome as an infectious bacterial artificial chromosome. 
Proc Natl Acad Sci USA 94(26):14759–14763
 35. Yu D, Smith GA, Enquist LW, Shenk T (2002) Construction of 
a self-excisable bacterial artificial chromosome containing the 
human cytomegalovirus genome and mutagenesis of the diploid 
TRL/IRL13 gene. J Virol 76(5):2316–2328
 36. Marchini A, Liu H, Zhu H (2001) Human cytomegalovirus with 
IE-2 (UL122) deleted fails to express early lytic genes. J Virol 
75(4):1870–1878
 37. Hahn G, Rose D, Wagner M, Rhiel S, McVoy MA (2003) 
Cloning of the genomes of human cytomegalovirus strains 
Toledo, TownevarRIT3, and Towne long as BACs and site-
directed mutagenesis using a PCR-based technique. Virology 
307(1):164–177
 38. Cui X, Adler SP, Davison AJ, Smith L, el Habib SE, McVoy MA 
(2012) Bacterial artificial chromosome clones of viruses com-
prising the Towne cytomegalovirus vaccine. J Biomed Biotech-
nol 2012:428498
 39. Murphy E, Yu D, Grimwood J, Schmutz J, Dickson M, Jarvis 
MA, Hahn G, Nelson JA, Myers RM, Shenk TE (2003) Coding 
potential of laboratory and clinical strains of human cytomegalo-
virus. Proc Natl Acad Sci USA 100(25):14976–14981
 40. Hahn G, Khan H, Baldanti F, Koszinowski UH, Revello MG, 
Gerna G (2002) The human cytomegalovirus ribonucleotide 
reductase homolog UL45 is dispensable for growth in endothe-
lial cells, as determined by a BAC-cloned clinical isolate of 
human cytomegalovirus with preserved wild-type characteristics. 
J Virol 76(18):9551–9555
 41. Sinzger C, Hahn G, Digel M, Katona R, Sampaio KL, Messerle 
M, Hengel H, Koszinowski U, Brune W, Adler B (2008) Clon-
ing and sequencing of a highly productive, endotheliotropic virus 
strain derived from human cytomegalovirus TB40/E. J Gen Virol 
89(Pt 2):359–368
 42. Murrell I, Tomasec P, Wilkie GS, Dargan DJ, Davison AJ, Stan-
ton RJ (2013) Impact of sequence variation in the UL128 locus 
on production of human cytomegalovirus in fibroblast and epi-
thelial cells. J Virol 87(19):10489–10500
 43. Magri G, Muntasell A, Romo N, Saez-Borderias A, Pende D, 
Geraghty DE, Hengel H, Angulo A, Moretta A, Lopez-Botet 
M (2011) NKp46 and DNAM-1 NK-cell receptors drive the 
response to human cytomegalovirus-infected myeloid den-
dritic cells overcoming viral immune evasion strategies. Blood 
117(3):848–856
 44. Stanton RJ, Baluchova K, Dargan DJ, Cunningham C, Sheehy 
O, Seirafian S, McSharry BP, Neale ML, Davies JA, Tomasec 
P, Davison AJ, Wilkinson GW (2010) Reconstruction of the 
complete human cytomegalovirus genome in a BAC reveals 
RL13 to be a potent inhibitor of replication. J Clin Invest 
120(9):3191–3208
 45. Smith GA, Enquist LW (2000) A self-recombining bacterial arti-
ficial chromosome and its application for analysis of herpesvirus 
pathogenesis. Proc Natl Acad Sci USA 97(9):4873–4878
 46. Hobom U, Brune W, Messerle M, Hahn G, Koszinowski UH 
(2000) Fast screening procedures for random transposon librar-
ies of cloned herpesvirus genomes: mutational analysis of 
human cytomegalovirus envelope glycoprotein genes. J Virol 
74(17):7720–7729
 47. Gerna G, Percivalle E, Lilleri D, Lozza L, Fornara C, Hahn 
G, Baldanti F, Revello MG (2005) Dendritic-cell infection by 
human cytomegalovirus is restricted to strains carrying func-
tional UL131-128 genes and mediates efficient viral antigen 
presentation to CD8+ T cells. J Gen Virol 86(Pt 2):275–284
 48. Wang D, Shenk T (2005) Human cytomegalovirus UL131 open 
reading frame is required for epithelial cell tropism. J Virol 
79(16):10330–10338
 49. Adler B, Scrivano L, Ruzcics Z, Rupp B, Sinzger C, Koszinow-
ski U (2006) Role of human cytomegalovirus UL131A in 
cell type-specific virus entry and release. J Gen Virol 87(Pt 
9):2451–2460
 50. Ryckman BJ, Jarvis MA, Drummond DD, Nelson JA, Johnson 
DC (2006) Human cytomegalovirus entry into epithelial and 
endothelial cells depends on genes UL128 to UL150 and occurs 
by endocytosis and low-pH fusion. J Virol 80(2):710–722
 51. Straschewski S, Patrone M, Walther P, Gallina A, Mertens T, 
Frascaroli G (2011) The protein pUL128 of human cytomegalo-
virus is necessary for monocyte infection and block of migration. 
J Virol 85(10):5150–5158
 52. Fielding CA, Aicheler R, Stanton RJ, Wang EC, Han S, Seira-
fian S, Davies J, McSharry BP, Weekes MP, Antrobus PR, 
Prod’homme V, Blanchet FP, Sugrue D, Cuff S, Roberts D, Davi-
son AJ, Lehner PJ, Wilkinson GW, Tomasec P (2014) Two novel 
human cytomegalovirus NK Cell evasion functions target MICA 
for lysosomal degradation. PLoS Pathog 10(5):e1004058
 53. Stanton RJ, Prod’homme V, Purbhoo MA, Moore M, Aicheler 
RJ, Heinzmann M, Bailer SM, Haas J, Antrobus R, Weekes MP, 
Lehner PJ, Vojtesek B, Miners KL, Man S, Wilkie GS, Davi-
son AJ, Wang EC, Tomasec P, Wilkinson GW (2014) HCMV 
pUL135 remodels the actin cytoskeleton to impair immune rec-
ognition of infected cells. Cell Host Microbe 16(2):201–214
 54. Gatherer D, Seirafian S, Cunningham C, Holton M, Dargan DJ, 
Baluchova K, Hector RD, Galbraith J, Herzyk P, Wilkinson GW, 
Davison AJ (2011) High-resolution human cytomegalovirus 
transcriptome. Proc Natl Acad Sci USA 108(49):19755–19760
 55. Stern-Ginossar N, Weisburd B, Michalski A, Le VT, Hein MY, 
Huang SX, Ma M, Shen B, Qian SB, Hengel H, Mann M, Ingo-
lia NT, Weissman JS (2012) Decoding human cytomegalovirus. 
Science 338(6110):1088–1093
 56. Ingolia NT, Brar GA, Stern-Ginossar N, Harris MS, Talhouarne 
GJ, Jackson SE, Wills MR, Weissman JS (2014) Ribosome pro-
filing reveals pervasive translation outside of annotated protein-
coding genes. Cell Rep 8(5):1365–1379
 57. Greenaway PJ, Wilkinson GW (1987) Nucleotide sequence of 
the most abundantly transcribed early gene of human cytomeg-
alovirus strain AD169. Virus Res 7(1):17–31
 58. Weekes MP, Tomasec P, Huttlin EL, Fielding CA, Nusinow D, 
Stanton RJ, Wang EC, Aicheler R, Murrell I, Wilkinson GW, 
Lehner PJ, Gygi SP (2014) Quantitative temporal viromics: 
an approach to investigate host-pathogen interaction. Cell 
157(6):1460–1472
 59. Weekes MP, Tan SY, Poole E, Talbot S, Antrobus R, Smith 
DL, Montag C, Gygi SP, Sinclair JH, Lehner PJ (2013) 
283Med Microbiol Immunol (2015) 204:273–284 
1 3
Latency-associated degradation of the MRP1 drug trans-
porter during latent human cytomegalovirus infection. Science 
340(6129):199–202
 60. Weller TH (1970) Review. Cytomegaloviruses: the difficult 
years. J Infect Dis 122(6):532–539
 61. Quinnan GV Jr, Delery M, Rook AH, Frederick WR, Epstein JS, 
Manischewitz JF, Jackson L, Ramsey KM, Mittal K, Plotkin SA 
et al (1984) Comparative virulence and immunogenicity of the 
Towne strain and a nonattenuated strain of cytomegalovirus. Ann 
Intern Med 101(4):478–483
 62. Neff BJ, Weibel RE, Buynak EB, McLean AA, Hilleman MR 
(1979) Clinical and laboratory studies of live cytomegalovirus 
vaccine Ad-169. Proc Soc Exp Biol Med Soc Exp Biol Med 
160(1):32–37
 63. Elek SD, Stern H (1974) Development of a vaccine against men-
tal retardation caused by cytomegalovirus infection in utero. 
Lancet 1(7845):1–5
 64. Waldman WJ, Sneddon JM, Stephens RE, Roberts WH (1989) 
Enhanced endothelial cytopathogenicity induced by a cyto-
megalovirus strain propagated in endothelial cells. J Med Virol 
28(4):223–230
 65. Waldman WJ, Roberts WH, Davis DH, Williams MV, Sed-
mak DD, Stephens RE (1991) Preservation of natural endothe-
lial cytopathogenicity of cytomegalovirus by propagation in 
endothelial cells. Arch Virol 117(3–4):143–164
 66. Sinzger C, Schmidt K, Knapp J, Kahl M, Beck R, Waldman 
J, Hebart H, Einsele H, Jahn G (1999) Modification of human 
cytomegalovirus tropism through propagation in vitro is asso-
ciated with changes in the viral genome. J Gen Virol 80(Pt 
11):2867–2877
 67. Akter P, Cunningham C, McSharry BP, Dolan A, Addison C, 
Dargan DJ, Hassan-Walker AF, Emery VC, Griffiths PD, Wilkin-
son GW, Davison AJ (2003) Two novel spliced genes in human 
cytomegalovirus. J Gen Virol 84(Pt 5):1117–1122
 68. Schuessler A, Sampaio KL, Straschewski S, Sinzger C (2011) 
Mutational mapping of pUL131A of human cytomegalovirus 
emphasizes its central role for endothelial cell tropism. J Virol 
86(1):504–512
 69. Lilleri D, Kabanova A, Lanzavecchia A, Gerna G (2012) Antibod-
ies against neutralization epitopes of human cytomegalovirus gH/
gL/pUL128-130-131 complex and virus spreading may correlate 
with virus control in vivo. J Clin Immunol 32(6):1324–1331
 70. Revello MG, Lazzarotto T, Guerra B, Spinillo A, Ferrazzi E, 
Kustermann A, Guaschino S, Vergani P, Todros T, Frusca T, 
Arossa A, Furione M, Rognoni V, Rizzo N, Gabrielli L, Klersy 
C, Gerna G, Group CS (2014) A randomized trial of hyperim-
mune globulin to prevent congenital cytomegalovirus. N Engl J 
Med 370(14):1316–1326
 71. Gerna G, Sarasini A, Patrone M, Percivalle E, Fiorina L, Cam-
panini G, Gallina A, Baldanti F, Revello MG (2008) Human 
cytomegalovirus serum neutralizing antibodies block virus infec-
tion of endothelial/epithelial cells, but not fibroblasts, early dur-
ing primary infection. J Gen Virol 89(Pt 4):853–865
 72. Macagno A, Bernasconi NL, Vanzetta F, Dander E, Sarasini A, 
Revello MG, Gerna G, Sallusto F, Lanzavecchia A (2010) Iso-
lation of human monoclonal antibodies that potently neutralize 
human cytomegalovirus infection by targeting different epitopes 
on the gH/gL/UL128-131A complex. J Virol 84(2):1005–1013
 73. Genini E, Percivalle E, Sarasini A, Revello MG, Baldanti F, 
Gerna G (2011) Serum antibody response to the gH/gL/pUL128-
131 five-protein complex of human cytomegalovirus (HCMV) 
in primary and reactivated HCMV infections. J Clin Virol 
52(2):113–118
 74. Saccoccio FM, Gallagher MK, Adler SP, McVoy MA (2011) 
Neutralizing Activity of Saliva Against Cytomegalovirus. Clin 
Vaccine Immunol 18:1536–1542
 75. Fouts AE, Chan P, Stephan JP, Vandlen R, Feierbach B (2012) 
Antibodies against the gH/gL/UL128/UL130/UL131 complex 
comprise the majority of the anti-cytomegalovirus (anti-CMV) 
neutralizing antibody response in CMV hyperimmune globulin. 
J Virol 86(13):7444–7447
 76. Freed DC, Tang Q, Tang A, Li F, He X, Huang Z, Meng W, Xia 
L, Finnefrock AC, Durr E, Espeseth AS, Casimiro DR, Zhang N, 
Shiver JW, Wang D, An Z, Fu TM (2013) Pentameric complex of 
viral glycoprotein H is the primary target for potent neutraliza-
tion by a human cytomegalovirus vaccine. Proc Natl Acad Sci 
USA 110(51):E4997–E5005
 77. Wen Y, Monroe J, Linton C, Archer J, Beard CW, Barnett SW, 
Palladino G, Mason PW, Carfi A, Lilja AE (2014) Human 
cytomegalovirus gH/gL/UL128/UL130/UL131A com-
plex elicits potently neutralizing antibodies in mice. Vaccine 
32(30):3796–3804
 78. Wussow F, Chiuppesi F, Martinez J, Campo J, Johnson E, Flech-
sig C, Newell M, Tran E, Ortiz J, La Rosa C, Herrmann A, Long-
mate J, Chakraborty R, Barry PA, Diamond DJ (2014) Human 
cytomegalovirus vaccine based on the envelope gH/gL pentamer 
complex. PLoS Pathog 10(11):e1004524
 79. Wussow F, Yue Y, Martinez J, Deere JD, Longmate J, Herrmann 
A, Barry PA, Diamond DJ (2013) A vaccine based on the rhesus 
cytomegalovirus UL128 complex induces broadly neutralizing 
antibodies in rhesus macaques. J Virol 87(3):1322–1332
 80. Lilleri D, Kabanova A, Revello MG, Percivalle E, Sarasini A, 
Genini E, Sallusto F, Lanzavecchia A, Corti D, Gerna G (2013) 
Fetal human cytomegalovirus transmission correlates with 
delayed maternal antibodies to gH/gL/pUL128-130-131 complex 
during primary infection. PLoS One 8(3):e59863
 81. Kabanova A, Perez L, Lilleri D, Marcandalli J, Agatic G, Becat-
tini S, Preite S, Fuschillo D, Percivalle E, Sallusto F, Gerna G, 
Corti D, Lanzavecchia A (2014) Antibody-driven design of a 
human cytomegalovirus gHgLpUL128L subunit vaccine that 
selectively elicits potent neutralizing antibodies. Proc Natl Acad 
Sci USA 111:17965–17970
 82. Fu TM, Wang D, Freed DC, Tang A, Li F, He X, Cole S, Dubey 
S, Finnefrock AC, Ter Meulen J, Shiver JW, Casimiro DR (2012) 
Restoration of viral epithelial tropism improves immunogenic-
ity in rabbits and rhesus macaques for a whole virion vaccine of 
human cytomegalovirus. Vaccine 30:7469–7474
 83. Wilkinson GW, Tomasec P, Stanton RJ, Armstrong M, 
Prod’homme V, Aicheler R, McSharry BP, Rickards CR, 
Cochrane D, Llewellyn-Lacey S, Wang EC, Griffin CA, Davison 
AJ (2008) Modulation of natural killer cells by human cytomeg-
alovirus. J Clin Virol 41(3):206–212
 84. Dolan A, Cunningham C, Hector RD, Hassan-Walker AF, Lee L, 
Addison C, Dargan DJ, McGeoch DJ, Gatherer D, Emery VC, 
Griffiths PD, Sinzger C, McSharry BP, Wilkinson GW, Davison 
AJ (2004) Genetic content of wild-type human cytomegalovirus. 
J Gen Virol 85(Pt 5):1301–1312
 85. Bradley AJ, Kovacs IJ, Gatherer D, Dargan DJ, Alkharsah KR, 
Chan PK, Carman WF, Dedicoat M, Emery VC, Geddes CC, 
Gerna G, Ben-Ismaeil B, Kaye S, McGregor A, Moss PA, Pusz-
tai R, Rawlinson WD, Scott GM, Wilkinson GW, Schulz TF, 
Davison AJ (2008) Genotypic analysis of two hypervariable 
human cytomegalovirus genes. J Med Virol 80(9):1615–1623
 86. Stanton R, Westmoreland D, Fox JD, Davison AJ, Wilkinson GW 
(2005) Stability of human cytomegalovirus genotypes in persis-
tently infected renal transplant recipients. J Med Virol 75(1):42–46
 87. Hassan-Walker AF, Okwuadi S, Lee L, Griffiths PD, Emery 
VC (2004) Sequence variability of the alpha-chemokine UL146 
from clinical strains of human cytomegalovirus. J Med Virol 
74(4):573–579
 88. He R, Ruan Q, Qi Y, Ma YP, Huang YJ, Sun ZR, Ji YH (2006) 
Sequence variability of human cytomegalovirus UL146 and 
284 Med Microbiol Immunol (2015) 204:273–284
1 3
UL147 genes in low-passage clinical isolates. Intervirology 
49(4):215–223
 89. Lurain NS, Kapell KS, Huang DD, Short JA, Paintsil J, Wink-
field E, Benedict CA, Ware CF, Bremer JW (1999) Human cyto-
megalovirus UL144 open reading frame: sequence hypervariabil-
ity in low-passage clinical isolates. J Virol 73(12):10040–10050
 90. Rasmussen L, Geissler A, Cowan C, Chase A, Winters M (2002) 
The genes encoding the gCIII complex of human cytomegalo-
virus exist in highly diverse combinations in clinical isolates. J 
Virol 76(21):10841–10848
 91. Cunningham C, Gatherer D, Hilfrich B, Baluchova K, Dargan 
DJ, Thomson M, Griffiths PD, Wilkinson GW, Schulz TF, Davi-
son AJ (2010) Sequences of complete human cytomegalovirus 
genomes from infected cell cultures and clinical specimens. J 
Gen Virol 91(Pt 3):605–615
 92. Sijmons S, Thys K, Corthout M, Van Damme E, Van Loock M, 
Bollen S, Baguet S, Aerssens J, Van Ranst M, Maes P (2014) 
A method enabling high-throughput sequencing of human 
cytomegalovirus complete genomes from clinical isolates. PLoS 
One 9(4):e95501
 93. Renzette N, Bhattacharjee B, Jensen JD, Gibson L, Kowalik 
TF (2011) Extensive genome-wide variability of human cyto-
megalovirus in congenitally infected infants. PLoS Pathog 
7(5):e1001344
 94. Renzette N, Gibson L, Bhattacharjee B, Fisher D, Schleiss MR, 
Jensen JD, Kowalik TF (2013) Rapid intrahost evolution of 
human cytomegalovirus is shaped by demography and positive 
selection. PLoS Genet 9(9):e1003735
 95. Penfold ME, Dairaghi DJ, Duke GM, Saederup N, Mocarski ES, 
Kemble GW, Schall TJ (1999) Cytomegalovirus encodes a potent 
alpha chemokine. Proc Natl Acad Sci USA 96(17):9839–9844
 96. Prichard MN, Penfold ME, Duke GM, Spaete RR, Kemble GW 
(2001) A review of genetic differences between limited and 
extensively passaged human cytomegalovirus strains. Rev Med 
Virol 11(3):191–200
